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The distribution and speciation of U and Cu in contaminated
vadose zone and aquifer sediments from the U.S. DOE Hanford
site (300 Area) were determined using a combination of
synchrotron-based micro-X-ray fluorescence (µXRF) imaging,
micro-X-ray absorption near edge structure (µXANES)
spectroscopy, and micro-X-ray diffraction (µXRD) techniques
combined with bulk U LIII-edge X-ray absorption fine structure
(XAFS) spectroscopy. Samples were collected from within
the inactive North Process Pond (NPP2) at 8 ft (2.4 m, NPP2-8)
depth and 12 ft (3.7 m, NPP2-12) depth in the vadose zone,
and fines were isolated from turbid groundwater just below the
water Table (12-14 ft, ∼4 m, NPP2-GW). µXRF imaging,
µXRD, and µXANES spectroscopy revealed two major U
occurrences within the vadose and groundwater zones: (1)
low to moderate concentrations of U(VI) associated with finetextured grain coatings that were consistently found to
contain clinochlore (referred to here as chlorite) observed in
all three samples, and (2) U(VI)-Cu(II) hotspots consisting of
micrometer-sized particles associated with surface coatings on
grains of muscovite and chlorite observed in samples NPP28′ and NPP2-GW. In the aquifer fines (NPP2-GW), these particles
were identified as cuprosklodowskite (cps:
Cu[(UO2)(SiO2OH)]2 · 6H2O) and metatorbernite (mtb:
Cu(UO2)2(PO4)2 · 8H2O). In contrast, the U-Cu-containing
particles in the vadose zone were X-ray amorphous. Analyses
of U LIII-edge XAFS spectra by linear-combination fitting
indicated that U speciation consisted of (1) ∼75% uranyl sorbed
to chlorite and ∼25% mtb-like X-ray amorphous U-Cuphosphates (8 ft depth), (2) nearly 100% sorbed uranyl (12 ft
depth), and (3) ∼70% uranyl sorbed to chlorite and ∼30% cps/
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mtb (groundwater zone). These findings suggest that dissolution
of U(VI)-Cu(II)-bearing solids as well as desorption of U(VI),
mainly from phyllosilicates, are important persistent sources of
U(VI) to the associated uranium groundwater plume in
Hanford Area 300.

Introduction
The Hanford site in Washington State was a location of
plutonium production for nuclear weapons during World
War II and the Cold War. These production activities resulted
in the generation of nuclear wastes of different types and
compositions. Low-activity wastes were disposed to the
vadose zone in ponds, cribs, and trenches, whereas highactivity wastes were stored in underground tanks for later
treatment that has not yet occurred. Widespread vadose zone
disposal combined with leakage from storage tanks over the
69 years of site operation have resulted in a significant legacy
of environmental contamination including waste plumes in
both the vadose zone and groundwater (1-3). These contaminated sites are currently being remediated in one of the
world’s largest environmental remediation activities.
One important site is the North and South 300 Area Process
Pond complex (300-FF-5) at the south end of Hanford, where
uranium (U)-contaminated groundwater discharges to the
Columbia River (4). The process pond complex lies approximately 200 m west of the Columbia River shoreline and
received Hanford’s second largest inventory of disposed U
(46 000 kg) (3) primarily in the form of acidic fuel rod
fabrication waste solutions containing U(VI)-Cu(II) from
1943 to 1974. The two ponds also received approximately
238 000 kg of Cu, 1 156 000 kg of F-, 243 000 kg of NO3-, large
of amounts of Al (as Al(OH)4-), and smaller undocumented
amounts of Ni, Cr, Zn, Zr, and P. Sodium hydroxide was
frequently added to mitigate acidic pH and retard Cu and U
migration through the vadose zone and associated groundwater system (5). The pH of the pond waters varied between
1.8 and 11.4 during active use. The use of these ponds for
waste disposal has resulted in a persistent U(VI) groundwater
plume (5).
Previous research has found that U speciation in the
Hanford 300 Area vadose zone includes uranyl sorbed to a
complex phyllosilicate suite of minerals and the U(VI)-Cu(II)phosphate mineral metatorbernite (6, 7). Limited measurements suggest that U speciation in the groundwater zone is
dominated by adsorption to phyllosilicates (6). The implication of these results is that release of U from the vadose zone
to the groundwater zone is likely dominated by a combination
of desorption and dissolution processes. However, the
longevity of the 300 Area groundwater U(VI) plume is
unexpected given the large flux of groundwater that has
passed through the aquifer. Further investigation is needed
to determine the processes that control the release of U from
the lower vadose zone to groundwater, and the dominant
forms of U in the aquifer sediments. While groundwater U
concentrations range from 5 to 150 ppb, solid-phase U
concentrations in aquifer fines (silt and clay) that represent
<2% of the total sediment by mass can reach 250 ppm in the
most extreme case. Therefore, precipitated U phases may be
present that can serve as long-term sources to groundwater
that discharges into the Columbia River.
We have determined the molecular-level speciation and
distribution of U in contaminated sediments from the 300
Area North Process Pond # 2 (NPP2) to serve as a basis for
accurate predictive models for the resupply of contaminant
U to this persistent plume (e.g., ref 8). The excavation studied
10.1021/es8021045 CCC: $40.75
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TABLE 1. A Summary of U Speciation and Distribution Data for NPP2 Sediments Based on XMP and XAS Analyses
U-bearing and/or U-associated phasesa

U oxidation state
depth

bulk
XANESb

µXANESc

low to med.
U XRF counts

high U
XRF counts

8′
12′

>95% U(VI)
>95% U(VI)

>90% U(VI)
>90% U(VI)

chlorite, magnetite
chlorite

GW

>95% U(VI)

>90% U(VI)

chlorite

chlorite, muscovite, cuprosklodowskite,
metatorbernite, amorphous U-Cu hotspots

a
low to med. U ) < 500 XRF counts; high U ) > 500 XRF counts.
spectroscopy error ) ( 10%.

(NPP2) was the only one of four opened in May 2003 (5) that
has provided samples with sufficient U concentrations for
XAFS analyses (6, 7). A full accounting of the mineralogical
association of the adsorbed/precipitated U inventory in these
samples has not been achieved because of sample complexity
(cf., ref 7.). The present study builds on recent chemical and
mineralogical analyses of 300 Area Processing Pond samples
(6, 7, 9, 10) and characterizes the dominant U-bearing and/
or U-associated phases and how they change with depth
from the vadose to groundwater zones using synchrotronbased X-ray fluorescence imaging, X-ray absorption fine
structure (XAFS) spectroscopy, and X-ray diffraction techniques. These analyses provide insights on plausible
geochemical processes that occurred at the time of waste
disposal and others that now control U-fluxes to and within
the saturated zone.

Materials and Methods
Sediment Collection and Preparation. Contaminated vadose
zone and aquifer sediments from the Hanford 300 Area were
collected from one (NPP2) of four vertical excavations in the
300 Area Processing Pond complex. Vadose zone sediment
samples were collected at 8 ft (2.4 m) depth and 12 ft (3.7 m)
depth and were labeled NPP2-8’ and NPP2-12′, respectively.
The aquifer materials (groundwater fines, NPP2-GW) were
isolated by filtration of turbid groundwaters that rapidly
drained into the excavation below the water table 16 ft (4.9
m). The groundwater fines represented silt- and clay-sized
materials that were washed from coarse-textured, transmissive aquifer sediments exposed and disturbed by excavation.
The sediments were dry-sieved to yield a <2.0 mm size
fraction for more detailed chemical and mineralogical study
of the reactive components. The solid-phase U concentration
(for the <2 mm fraction) was determined by digesting
sediment samples in 0.5 M nitric acid for 48 h and analyzing
the extract with a kinetic phosphorescence analyzer (KPA).
The U concentrations for the three samples were 144 ppm
(NPP2-8′), 70 ppm (NPP2-12’), and 200 ppm (NPP2-GW).
Further information regarding local lithology, sediment
collection, and other analyses can be found in Qafoku et al.
(10), Catalano et al. (6), Zachara et al. (2, 5), Bond et al. (11),
and Stubbs et al. (12). Thin-sections were prepared for all
three sediment samples as described by Liu et al. (13).
Synchrotron µX-ray Fluorescence Imaging. µXRF imaging was performed on beamline 13-ID-C (GSECARS) at the
Advanced Photon Source. The incident X-ray beam was
focused using a pair of Kirkpatrick-Baez mirrors, and the
incident beam was monochromatized using a Si(111) doublecrystal monochromator. µXRF maps and µX-ray absorption
near edge structure (µXANES) spectra were collected using
either a Vortex single-element or a four-element solid-state
silicon detector (SII NanoTechnology USA Inc., Northridge,
CA). For µXRF mapping, the incident beam was set at 20 keV
and focused to a 3 µm spot size. µXRF maps were obtained
by rastering the beam at 3 µm steps, with a count time of
0.5 s per step, for the following major and minor/trace

chlorite, amorphous U-Cu hotspots

b

Bulk XANES spectroscopy error ) ( 5%.

c

µXANES

elements: K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, As, Se, Rb, U,
Sr, and Zr. Energy calibration of the µXANES was performed
with a yttrium foil, with the first inflection point of the yttrium
K-edge being set to 17,038 eV. Results of bulk U LIII-edge
EXAFS spectroscopy measurements are presented in the
Supporting Information. µXRD patterns were collected on
selected areas in transmission geometry using a MarCCD
camera (Mar USA, Evanston, IL) with the incident beam
energy set at 20 keV (λ ) 0.6200 Å). The resulting images
were processed with FIT2D (14). The sample-to-detector
distance and geometric corrections were calculated using
CeO2 as a standard. After these corrections were applied, the
2D images were integrated radially to yield 1D diffraction
patterns that could then be analyzed using standard techniques. Background subtraction, including removal of the
scattering from the glass slide, and phase identification were
performed using JADE 6.5 (Materials Data Inc., Livermore,
CA).

Results and Discussion
Uranium Distribution and Associated Elements and Minerals. Two populations of U were defined in the µXRF imaging
based on XRF count rate (Table 1). Although it is difficult to
translate XRF count rate into absolute element concentration
because of matrix effects, these count rate ranges were useful
in classifying U speciation within the NPP2 sediments. The
µXRF maps presented in Figure 1 are representative of the
distributions of U and Cu observed in all three samples. µXRD
patterns (Figure 2) from selected areas not necessarily present
in the µXRF maps reveal the presence of major silicate and
minor U-bearing crystalline phases, which are listed in Table
1. One additional µXRF analysis is shown in the Supporting
Information Figure S1.
µXRF and µXRD Results for Sample NPP2-8′. µXRF
imaging indicated that U and Cu in the NPP2-8’ sample
exhibited low to moderate concentrations that were spatially
correlated with fine-textured grain coatings (Figure 1A). These
grain coatings are likely authigenic (i.e., resulting from wastesediment interactions) hence the spatial correlation between
the grain coatings and U and Cu. The characteristic d-spacing
observed in the µXRD patterns (Figure 2) allowed for
differentiation between clay minerals and other sheetsilicates potentially present in the sediment; however, poorly
crystalline solids or minerals with grain sizes less than
approximately 1 µm would be difficult to detect by this
technique. In sample NPP2-8′, the crystalline component of
these grain coatings were consistently found to contain
chlorite throughout the sample (Figure 2). Although chlorite
is an accessory mineral in these sediments (10), it was
commonly observed in association with feldspar as intergrowths and surface deposits. Cu was also strongly correlated
with these same chlorite domains. Although the spatial
distribution of Cu was not identical to that of U, the highest
Cu concentrations were correlated with the highest U
concentrations in the thin sections examined. In one
occurrence, low concentrations of U and Cu were also
VOL. 43, NO. 3, 2009 / ENVIRONMENTAL SCIENCE & TECHNOLOGY

9

631

FIGURE 1. Representative reflected light images and µXRF U Lr and Cu Kr maps of Hanford 300 Area NPP2 sediments. Grains
boundaries on the U map are outlined in white based on the reflected light images, and the mineral phase identification is based on
the µXRD patterns. The phases present are quartz (qtz), chlorite (chl), feldspar (fsp), metatorbernite (mtb), amorphous phases (am),
and epoxy. The letters on the reflected light image (b and e) correspond to the location of µXRD patterns presented in Figure 2.
spatially correlated with a grain of magnetite, which is also
an accessory mineral in these sediments. The U-Cu-chlorite
correlations were not associated with any of the other
elements detected by the µXRF analyses.
High U concentrations spatially correlated with high Cu
concentrations were also observed, occurring both as
hotspots associated with chlorite and as independent grains
separated from the larger mineral clasts within the epoxy.
Cu hotspots were spatially correlated with U; no U-free, Cuhotspots were observed. The U-Cu-hotspots were on the
order of 10-50 µm in diameter and were not highly correlated
with any of the other elements detected. The µXRD patterns
indicated that these U-Cu-hotspots were X-ray amorphous,
and the high XRF counts indicated that U and Cu occurred
as major elements within these grains. Although metatorbernite has been previously reported at one intermediate depth
within the 300 Area vadose zone (6, 7), neither µXRF imaging
nor electron microprobe analysis could positively identify
these grains as phosphate-bearing phases, as phosphorus
could not be detected. Imaging Si and P, was not feasible
under the experimental conditions because their fluorescence
signal was overwhelmed by the Fe KR signal. µXRF mapping
below the Fe KR energy was also unsuccessful because the
detector resolution was not good enough to differentiate Si
from P. Although electron microprobe analysis (EMPA) can
easily differentiate Si KR from P KR fluorescence signals, the
penetration depth of a 20 keV electron beam is approximately
1 µm (15), whereas the X-ray absorption length is greater
than the thickness of the sample (50 µm) for the synchrotron
experiments (16). As a result, U-bearing grains that are
embedded in the sample more deeply than approximately
632
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1 µm would not be detected by EMPA, and therefore
differentiation between a Si- or P-bearing phase in our
samples was not feasible. Bulk U LIII-edge EXAFS spectroscopy, discussed below, was used to determine which Ubearing and/or U-associated phases dominate U speciation
and their relative proportions.
µXRF and µXRD Results for Sample NPP2-12’. The µXRF
analyses of sample NPP2-12′ indicated that sorbed U was
present in low concentrations (consistent with the low total
U concentration in the sample of 70 ppm) and is spatially
correlated with Cu and in surface coatings that contained
chlorite (Figure 1B). No U-Cu-bearing hotspots were
observed in this sample. Based on reflected light microscopy,
mineral modal abundances (determined by a “point-count”
method that involved taking a random-walk path around
the sample) and grain morphologies were the same at the
8 and 12 ft depths, and it is therefore unlikely that the change
in U distribution is due to differences in sediment mineralogy.
We speculate that speciation and U-concentration differences
between NPP2-8′ and NPP2-12′ were a result of site heterogeneity rather than chromatographic reactive transport.
U-Cu-bearing zones were visually evident during sampling
as irregular “tongues” of green-colored sediment (5).
µXRF and µXRD Results for Sample NPP2-GW. The µXRF
results for sample NPP2-GW were similar to those of sample
NPP2-8′ with respect to U occurrence and relative distribution. Areas of low to moderate U concentrations were spatially
correlated with areas of moderate Cu concentrations and
fine-textured grain coatings that were consistently found to
contain chlorite, based on µXRD patterns collected within
the grain coatings (Figure 1C). The chlorite in the groundwater

FIGURE 2. (A) Radially integrated and background-subtracted µXRD patterns of selected spots (black patterns; a-e) from the
Hanford 300 Area NPP2 sediments and ICSD patterns (gray) corresponding to the identified minerals, and (B) µXRD patterns of the
same spots plotted versus d spacing for the region of the most intense lines of muscovite (ICSD no. 07-0042), metatorbernite (ICSD
no. 60-7634), hornblende (ICSD no. 64-2144), cuprosklodowskite (ICSD no. 60-2493), and chlorite (clinochlore) (ICSD no. 29-0701).
The µXRD patterns were collected from samples NPP2-8’ (patterns c and e) and NPP2-GW (patterns a, b, and d). Not all µXRF
images containing the locations of the µXRD patterns could be presented; the locations of the µXRD patterns for spots b and e are
shown in the µXRF maps in Figure 1.
fines tended to occur mostly as intergrowths within larger
feldspar grains.
A key distinction between samples NPP2-GW and NPP28’ was the presence of crystalline U-Cu-bearing phases in
the aquifer fines. These phases were identified as cuprosklodowskite (Supporting Information Figure S1) and metatorbernite (Figure 1) based on their µXRD patterns (Figure
2). The presence of cuprosklodowskite in the Hanford 300
Area sediments is a novel result, and the implications of its
occurrence will be discussed below. Metatorbernite was
observed as discrete grains, approximately 20-50 µm in size,
that were not associated with the major mineral clasts. This
observation contrasts with previous analyses that revealed
metatorbernite within authigenic aluminosilicate grain coatings resulting from waste fluid-sediment reactions (7). These
grain coatings have been qualitatively observed to decrease
in thickness and extent with depth beneath the process ponds
as the waste solutions were neutralized through geochemical
reactions (5, 17). The dispersed state of the metatorbernite
precipitates observed in NPP2-GW is therefore consistent
with their formation in groundwater through homogeneous
or heterogeneous precipitation. There is no evidence for
colloid-associated migration of U or Cu through the NPP
vadose zone, but conditions can be envisioned during and
after the disposal period, or even during sampling, that may
have encouraged this transport vector.
The U-Cu-bearing hotspots in the µXRF maps identified
as cuprosklodowskite by µXRD were approximately 30 µm
in size and were spatially correlated with muscovite (Sup-

porting Information Figure S1) and chlorite. X-ray amorphous
U-Cu-bearing phases were also observed in sample NPP2GW, and the high U and Cu XRF count rate from these
hotspots again suggest that U and Cu are major elements
within these phases. Identification of these grains as either
a silicate or a phosphate phase could not be determined by
µXRF and electron microprobe analyses.
Uranium Speciation Based on Bulk U LIII-edge EXAFS
Spectroscopy. Bulk U LIII-edge EXAFS spectra of the sediments were collected to quantify the relative contribution of
the two main types of uranyl species in the Hanford Area 300
NPP2 sediments (Table 1; see the Supporting Information
for details).
Bulk EXAFS Results for Sample NPP2-8′. U LIII-edge
EXAFS spectra are sensitive to structural differences between
groups of uranyl minerals (e.g., uranophane versus autunite
group minerals), but not necessarily within a group (e.g.,
meta-autunite versus metatorbernite) (18). It is therefore
reasonable to use species from different groups (cuprosklodowskite and metatorbernite) as components in the fitting
protocol with confidence that statistically significant changes
in the contribution of each component are meaningful. The
two best fits of the spectra for sample NPP2-8’ were (1) 68%
uranyl sorbed on chlorite, 25% metatorbernite, and 6%
cuprosklodowskite, and (2) 74% uranyl sorbed to chlorite
and 25% metatorbernite (Figure 3, Table 2). Although the
reduced chi-squared value of the fit using the first set of
components (0.67) was slightly better than the fit using the
second set (0.70), given a fitting error of (5% for each
VOL. 43, NO. 3, 2009 / ENVIRONMENTAL SCIENCE & TECHNOLOGY
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TABLE 2. Best Fit Results of the Bulk U LIII-edge EXAFS
Spectra of the Hanford 300 Area NPP2 Sedimentsa

component

component
fraction
(from fit)

8

chl
mtb
cps

8

sample
depth (ft)

FIGURE 3. Best fit results (dashed lines) by least-squares linear
combination Fitting of the bulk U LIII-edge EXAFS spectra (solid
lines) of the Hanford 300 Area NPP2 sediments samples. The
best-fit components are listed for each spectrum are uranyl
sorbed to chlorite (chl), cuprosklodowskite (cps), and
metatorbernite (mtb). Tabulated best fit results are presented in
Table 2.
component, it seems unlikely that cuprosklodowskite contributed significantly to the signal in the EXAFS spectrum of
sample NPP2-8′. Uranyl sorbed on chlorite yields a significantly better fit (>10% decrease in the reduced chi squared
value) than uranyl sorbed on montmorillonite at similar
solution conditions (data not included in Table 2). Although
a better fit of the sample spectrum with U(VI) sorbed on
chlorite versus montmorillonite is not direct proof that
chlorite is the actual sorbent in the natural material, this
result is reasonable given that chlorite was identified by µXRD
in the fine-textured surface coatings with which U(VI) was
spatially correlated. No such spatial correlations were
observed for montmorillonite. The U LIII-edge EXAFS spectra
of uranyl sorbed on chlorite and montmorillonite are
different, particularly with respect to the second-shell
coordination environment (19, 20). It is not clear whether
these differences are significant enough to yield statistically
different fits using linear-combination fitting (LCF) of multicomponent U-bearing natural samples. However, as the
µXRF imaging and µXRD patterns indicate that chlorite is
the dominant crystalline layer-silicate mineral with particle
sizes greater than 1 µm with which U(VI) is associated, the
choice of chlorite rather than montmorillonite as the sorbent
of U(VI) in the linear-combination fitting is reasonable. The
fit results for the NPP2-8’ U EXAFS spectrum are consistent
with the µXRF imaging: U speciation and distribution are
dominated by uranyl associated with chlorite, with a fraction
of the U associated with U-Cu-bearing precipitates. The
µXRD patterns of the U-Cu-hotspots showed them to be
X-ray amorphous, and thus they are not metatorbernite.
However, assuming the X-ray amorphous U-Cu-hotspots
have compositions qualitatively similar to their crystalline
counterparts, it is reasonable to expect that the bulk U LIIIEXAFS spectra of the amorphous and crystalline phases to
634
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component
sum

reduced
χ2

0.68
0.25
0.06

0.99

0.67

chl
mtb

0.74
0.25

0.99

0.70

12

chl
mtb
cps

0.78
0.16
0.07

1.01

0.35

12

chl
cps

0.87
0.14

1.01

0.35

12

chl

0.99

0.99

0.38

GW

chl
mtb
cps

0.63
0.06
0.30

0.99

0.45

GW

chl
cps

0.71
0.28

0.99

0.44

a
The components listed are uranyl sorbed on chlorite
(chl), metatorbernite (mtb), and cuprosklodowskite (cps).
Two fits for samples NPP2-8′ and NPP2-GW were
attempted, one with three components and one with two
components, whereas three fits were attempted for sample
NPP2-12′, with three, two, and one component,
respectively. The similarity of the reduced χ2 values of the
various fits does not allow us to choose a best fit, based
on this criterion alone. See Supporting Information Table
S1 for all model and reference compounds used as
components.

be similar (18, 21). Based on this reasoning, we choose to use
the U LIII-edge EXAFS spectrum of metatorbernite and
cuprosklodowskite as fitting components in the LCF modeling
reported in Table 2.
This choice of metatorbernite as a reference spectrum for
the amorphous phase may be arguable because of the low
phosphorus (P) concentrations in the sediments (∼2000 ppm)
(6), and the current lack of direct detection of the phosphate
oxoanion for any U-Cu-precipitates in sample NPP2-8′.
Although it is possible that Cu(II)-bearing phases such as
Cu(OH)2 (spertiniite), CuO (tenorite), Cu2(OH)2(CO3) (malachite), or Cu3(OH)2(CO3)2 (azurite), which would be expected
to form under oxidizing conditions (22) and could be present
within the groundmass of U-Cu-hotspots, none of these
phases were observed in our samples based on the µXRD
patterns. Further, the strong correlation of U and Cu in the
hotspots found in the µXRF imaging suggests that at least a
portion of these U-Cu-hotspots are U-Cu-bearing phases,
and not discrete Cu-bearing and U-bearing phases.
U-Cu-phosphates and -silicates are frequently observed
to precipitate with other divalent metal-bearing U-containing
phases in those series; for example, meta-autunite (Ca-Uphosphate) occurs with metatorbernite, and sklodowskite
(Mg-U-silicate) occurs with cuprosklodowskite (23, 24). In
the present study, only Cu-containing uranyl phases were
identified and no Ca- or Mg-uranyl phosphates or silicates
were detected. Arai et al. (7) also observed no other
U-phosphate phase such as autunite present in the vadose
zone samples in which metatorbernite were found. This
observation is consistent with metatorbernite and cuprosklodowskite being relict phases that formed by rapid precipitation when the U-Cu-bearing waste interacted with the

sediments under historic conditions of higher aqueous Cu
and P than are currently observed. These latter two solutes
are generally below detection in current vadose zone pore
waters and groundwater that are circumneutral in pH,
dominated by Ca/Mg-HCO3/NO3, and near equilibrium with
amorphous silica because of copious basaltic lithic fragments
in the sediments.
Bulk EXAFS Results for Sample NPP2-12’. We attempted
several fits for sample NPP2-12′ including the following fit
components: (1) uranyl sorbed on chlorite, (2) uranyl sorbed
on chlorite plus cuprosklodowskite, and (3) uranyl sorbed
on chlorite, cuprosklodowskite, and metatorbernite (Figure
3, Supporting Information Table S2). However, because the
reduced χ2 values were statistically the same for these three
fits, the one with the fewest components was chosen.
These results suggest that U speciation at this depth is
dominated by adsorbed U(VI) on phyllosilicate edges, and
that U-Cu-bearing precipitates are absent in this sample.
These results are consistent with the µXRF imaging results
of our sample from NPP2-12’, which showed no U-Cu
hotspots.
Bulk EXAFS Results for Sample NPP2-GW. The two best
fits of the EXAFS spectra of the groundwater fines consisted
of the following components: (1) 71% uranyl sorbed to chlorite
and 28% cuprosklodowskite, and (2) 63% uranyl sorbed to
chlorite, 30% cuprosklodowskite, and 6% metatorbernite
(Figure 3, Supporting Information Table S2). As was the case
for sample NPP2-8′, uranyl sorbed on chlorite as a fit
component yielded a better fit than uranyl sorbed on
montmorillonite for sample NPP2-GW. Given the error
inherent in the LCF protocol, a 6% signal contribution from
metatorbernite might be considered insignificant. However,
as metatorbernite and cuprosklodowskite were identified by
µXRD in sample NPP2-GW, it is reasonable to include both
in the LCF model. Therefore, the combination of µXRD and
EXAFS-LCF analyses of sample NPP2-GW indicates that U
speciation in the groundwater zone is dominated by uranyl
sorbed to chlorite, with a sizable fraction of the U(VI) (up to
30%) present as cuprosklodowskite and a minor fraction
present as metatorbernite.
Release of Uranium from NPP2 Sediments. Due to the
complex and likely varied geochemistry of the U-bearing
waste and neutralized fluids that the NPP2 sediments were
exposed to, it is difficult to constrain the reaction network
that controlled U sorption and (co)precipitation during
Process Pond operation (Supporting Information). However,
predicting the release of U from the NPP2 sediments is
dependent on understanding the current U speciation as
revealed here, and the degree of contact of these species
with mobile pore fluids.
The results presented here refine and extend earlier work
on Hanford 300 Area vadose zone sediments; U speciation
is dominated by uranyl associated with fine-textured grain
coatings that were consistently found to contain chlorite.
Sorbed U(VI) within intragrain domains, e.g., of both chlorite
and lithic fragments, may explain its slow rate of desorption
or dissolution (10, 25). However, U-Cu-bearing precipitates
dominated by an amorphous U(VI)-Cu(II)-containing phase
similar to metatorbernite (sample NPP2-8’) accounts for
∼25-30% of the U in localized vadose zone areas where high
U-Cu-concentration fluids interacted with the sediments.
This localized bimodal distribution of U was also observed
for one (NPP2-GW) of four aquifer fines samples collected
from near the water table, where U speciation was dominated
by sorption to chlorite with associated cuprosklodowskite
precipitation. The absence of Ca analogues of both cuprosklodowskite and metatorbernite in the aquifer fines indicates
that these phases are relatively stable under current groundwater conditions.

Our finding of amorphous U-Cu-containing solids in
vadose zone sediments is potentially significant in this context
because amorphous solids are generally more soluble than
crystalline solids of similar compositions (26). Further, the
µXRF imaging and bulk U LIII-edge EXAFS analysis indicate
that the precipitates are dominated by U-Cu-phosphates in
the vadose zone, and by U-Cu-silicates in the groundwater
zone. These different precipitated forms may result from the
low overall concentration of phosphate in this system and
its appreciable reactivity in transport through the vadose
zone, even at historic acidic pH values. However, the bulk
of the U inventory in the Hanford 300 Area sediments is
dominated by sorbed uranyl, as was observed in the NPP212′ sample. Transport of U in these areas will therefore be
dominated by desorption processes. Further leaching studies
like those performed on the vadose zone sediments (11) are
needed to determine the ease of dissolution of U-bearing
precipitates in zones of high U concentrations, whether
dissolution or desorption processes dominate uranyl release
from the groundwater zone sediments, and the time scales
for expected release by these processes.
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